An optical fibre long period grating (LPG) based volatile organic compound (VOC) sensor coated with ZIF-8, a material from the zeolite imidazolate framework (ZIF) family, functional coating is presented. ZIF-8 film was deposited onto the surface of the LPG using an in-situ crystallization technique by mixing freshly prepared 12.5 mM zinc nitrate hexahydrate and 25 mM 2-metyl-imidazole solutions in methanol. A concentration specific response to acetone, ethanol and methanol vapour was obtained over the high concentration range up to tens thousands ppm. The LPG based sensor works at phase-matching turning point (PMTP) and such operates at the highest sensitivity. A novel approach for the data analysis based on the measurement of the bandwidth of the U-shaped attenuation band of the LPG is introduced. The optimized sensor shows a sensitivity of 0.015 ± 0.001 and 0.018 ± 0.0015 nm/ppm and limit of detection (LOD) of 6.67 and 5.56 ppm for acetone and ethanol respectively.
Introduction
The fabrication of low-cost, portable, accurate and real-time sensors for organic vapour detection is of considerable interest in biomedical fields and in food quality monitoring [1] . Ethanol and acetone represent the most common examples of volatile organic compounds (VOCs). The measurement of ethanol in breath is of high interest in traffic safety [2] , where the accepted alcohol limits in blood vary across Europe from 0.2 to 0.8‰, which corresponds to a concentration of 30-130 ppm in breath [2] . The detection of acetone in breath is important in medical diagnostics, where the increase of acetone concentration (single ppm units) can be related to diabetes [3] and high concentration (tens-hundreds ppm) is observed as symptom of ketoacidosis [4] . VOCs are usually measured using gas chromatography-mass spectroscopy (GC-MS), however, the detection is expensive and needs experienced personnel [5] . Currently, most ethanol sensors are based on metal oxide semiconductors such as SnO 2 [6] , WO 3 [7] , In 2 O 3 [8] , Fe 2 O 3 [9] and ZnO [10] . Semiconducting material based sensors exhibit high sensitivity whilst they usually operate at high temperatures (200-400 • C) to achieve chemical reactivity between the sensing material and the target gases. Also the fabrication of the sensitive layer should be conducted at high temperature and thus is associated with high energy consumption [11, 12] .
Fibre-optic sensing platforms are small, lightweight, immune to electromagnetic interference and as such can be used in extreme conditions, enabling remote real time monitoring with no electrical power needed at the sensing point [13] . There have been a number of fibre-optic based ethanol gas sensors proposed recently using the deposition of the sensitive layer on the fibre tip to form Fabry-Perot interferometers [14] [15] [16] [17] [18] or evanescent wave sensors, where part of the cladding is mechanically or chemically removed and then the functional coating is deposited over the stripped region [11, [19] [20] [21] [22] . A coating sensitive to ethanol vapours has been also applied on the surface of a photonic crystal fibre [23] , long period grating (LPG) [24] or quartz crystal microbalance (QCM). The properties of pub- n/a n/a [11] Cladding removed PMMA optical fibre in intensity at selected wavelengths Sm2O3 0 to 500 ppm 76 × 10 −3 au/ppm 78 min n/a [20] Cladding removed PMMA optical fibre in intensity at selected wavelengths Graphene oxide 100 to 500 ppm 0.26 a.u./ppm n/a n/a [21] Cladding removed silica optical fibre in power at selected wavelength Max shift of 59 nm/pure EtOH gas n/a n/a [23] lished ethanol gas fibre optic based sensors (and one example of a QCM) are summarized in Table 1 . Reported sensors suffer mostly from a high response time in a range of 10 s min [19, 24] and are usually tested over a limited concentration range. For example, they are tested at saturated vapour conditions [18, 24] , high (in a range of thousands of ppm) [22, 23, 26] or low level concentrations usually below 500 ppm [11, 14, [19] [20] [21] . The comparison in sensitivity shown in Table 1 is limited as only two papers show the limit of detection of 2.74 [16] and 380 ppm [17] . Among the different types of fibre-optic sensors, those based on gratings, specifically LPGs, have been employed extensively for refractive index measurements [27] and for monitoring associated chemical processes [27] , since they offer wavelength-encoded information which overcomes the referencing issues associated with intensity based approaches. A LPG consists of a periodic perturbation of the refractive index of the fibre core, which couples the core mode to the co-propagating cladding modes of the fibre. This coupling is manifested in the transmission spectrum of the optical fibre as a series of resonance bands. Each resonance band corresponds to coupling to a different cladding mode and thus shows different sensitivity to environmental changes [28] . The coupling wavelength can be obtained from the following phase matching equation
where x represents the wavelength at which light is coupled to the LP 0x cladding mode, n core is the effective refractive index of the mode propagating in the core of the fibre, n clad(x) is the effective index of the LP 0x cladding mode and is the period of the LPG [28] . The central wavelength of the resonance band is sensitive to changes in the surrounding environment such as temperature or external index of refraction [28] . It has been shown that the phase matching condition for the higher order cladding modes contains a turning point and that the LPG exhibits the highest sensitivity when phase matching turning point (PMTP) is reached. At PMTP the U-shaped attenuation band growth larger (i.e. transmission decreases) and then splits into two bands that move into opposite directions. Measurements of the wavelengths separation or width of the band, as will be shown in this work, allows to achieve higher sensitivity. This can be achieved by choosing an appropriate LPG period and coating thickness [29, 30] . The cladding modes associated with the attenuation bands have been calculated through numerical modelling using the phase matching equation and weakly guided approximation to determine the effective refractive indices of the core and cladding modes and the known values of the central wavelengths and the grating period [31] .
The key element of a LPG based chemical sensor is the sensitive layer that captures the analyte. It has been shown that metal organic frameworks (MOFs), because of their unique properties, such as high surface area, adjustable shape and size of the pores and inner cavities, offer an ideal platform for the development of this sensitive layer [32] [33] [34] . The sensing mechanism of the LPG towards VOCs is based on the change of the refractive index of the sensitive layer due to the analyte of interest. It is therefore important to select MOFs that provide a specific and sensitive change in refractive index. Among the variety of MOFs, a zeolitic imidazole framework (ZIF)-ZIF-8 possesses properties that show promise for sensor development, such as its chemical robustness and thermal stability due to the sodalite (SOD) type of structure. The structure of ZIF-8 comprises zinc ions coordinated by four imidazolate rings with large cavities (11.6 Å) and small pore apertures (3.4 Å) [35] which provides sensitivity to small molecule VOCs. ZIF-8 has been considered to behave as an adsorbent with molecular sieving properties. An investigation of a ZIF-8 film demonstrated the adsorption of isopropanol in a selective manner versus water [36] . A ZIF-8 based Fabry-Perot interferometer exhibited a concentrationspecific reaction to a mixture of propane and nitrogen [37] . ZIF-8 film fabrication involves no substrate modification, works at room temperature and facilitates control over the thickness with one growth cycle that takes less than an hour [37, 38] . In addition to being sensitive to organic vapours [36, 37] , ZIF-8 has been selected over other MOFs (and ZIFs) due to simplicity in fabrication and deposition of the thin film. The procedure for ZIF-8 film fabrication involves no substrate modification [37] , works at room temperature and facilitates control over the thickness with one growth cycle that takes less than an hour. In addition, since ZIF-8 is hydrophobic no significant response to the relative humidity (even at relative humidity larger than 70%) is observed [39] . We have recently demonstrated for the first time, to the best of our knowledge, proof of concept data for the detection VOCs using a LPG coated with ZIF-8 [39] . A LPG based sensor coated with a ZIF-8 thin film exposed to methanol, ethanol and acetone vapours demonstrates a high sensitivity to all analytes tested, suggesting sensitivity towards low chain VOCs due to the small pore apertures (3.4 Å [35] ).
However, before systems based on the technology can be widely deployed, it is essential that the sensor operates under optimized conditions in terms of both sensitivity and signal extraction. The research described here addresses these challenges. The sensitivity of the sensor is improved significantly by adjusting the grating period in such a way that the sensor operates precisely at the PMTP. This operation also facilitates the development of a novel signal processing method applied to the measured LPG spectrum. Higher sensitivity is obtained when the sensor operates in the proximity of the PMTP associated with the occurrence of two attenuation bands in the spectrum, both of them associated with the same cladding mode. The relationship between the LPG spectrum and analyte concentration is usually tracked via the change in the central wavelength associated with distinct cladding modes. When two attenuation bands are present, the shift of the individual bands can be tracked or the difference between the central wavelengths related to those attenuation bands can be used for the evaluation of the sensor performance. The latter one gives the higher sensitivity [39] . When the sensor is operating precisely at the PMTP a U-shaped band is present. In this case changes in the transmission at the central wavelength can be used for the measurement of target analytes [42] . A novel alternative proposed here is that changes in the bandwidth of the U-shaped band can also be related to the target analyte. This approach is compared with alternatives based on monitoring the intensity and central wavelength changes.
The next section presents the method of manufacture of ZIF-8 films on LPGs with 2 different periods, one in the proximity of and one precisely at the PMTP; the test methodology for the sensors; and the novel signal processing method proposed. Section 3 shows results demonstrating the performance over a wide concentration range for different VOCs. Discussions and Conclusions follow in Sections 4 and 5 respectively.
Methodology

Materials
Zinc nitrate hexahydrate, 2-metyl-imidazole, methanol, ethanol, 2-propanol and acetone were purchased from SigmaAldrich. All of the chemicals were analytical grade reagents and used without further purification.
Long period grating fabrication
LPGs with grating periods of 109.0 and 109.5 m and length of 30 mm (further referred to as Sensor A and Sensor B, respectively) were fabricated in photosensitive boron-germanium co-doped optical fibre (Fibercore PS750) using custom made amplitude masks made of 1Cr18Ni9Ti steel alloy. The grating periods of 109.0 and 109.5 m were chosen so that the LPG operates in the proximity and exactly at the PMTP, respectively, after the deposition of the thin film of ZIF-8. The chemical sensitivity comparison performed for both sensors is further described in Section 2.4. Prior to exposure to the output from the laser, the polyacrylate jacket of the fibre was mechanically removed over the section of the proposed grating. The laser used to side-illuminate optical fibre was a frequency quadrupled Nd:YAG laser emitting at a wavelength of 266 nm (Continuum minilite I), output power of 5 mW and beam diameter 3 mm. A cylindrical lens with a focal length of 100 mm was used to focus the beam into the core of the fibre, through an amplitude mask, producing a 3 mm long line focus aligned with the axis of the fibre [40] . The use of an optical fibre with a short cut-off wavelength (∼640 nm) ensures that resonance bands at their PMTP lie towards the red end of the visible spectrum, allowing the transmission spectrum of the LPG to be monitored using an inexpensive light source, halogen lamp, and a low-cost CCD spectrometer. The transmission spectrum of the optical fibre was recorded by coupling the output from a tungsten-halogen lamp (Ocean Optics HL-2000) into the fibre and analysing the transmitted light using a fibre coupled CCD spectrometer (Ocean Optics HR4000, with the resolution of 0.22 nm).
Sensor functionalization
The LPG was coated with ZIF-8 following the process described in [37, 38] and demonstrated on the surface of an optical fibre LPG in our previous work [39] . Briefly, the LPG was fixed in a custom designed holder to keep the LPG taut and straight. The LPG was placed inside a Petri dish and covered by the film forming solution (15 ml of 12.5 mM zinc nitrate hexahydrate and 15 ml of 25 mM 2-metyl-imidazole in methanol) for a period of 30 min. Then the LPG was washed by methanol and dried under nitrogen flow. The process was repeated to obtain thicker films consisting of 5 growth cycles. The transmission spectrum of the LPG was monitored during each deposition step. There was no indication that the film may be removed due to speed of the immersion as continuous building of the film was confirmed via the changes in the transmission spectrum.
Organic vapour testing
The response of the LPG to methanol, ethanol, 2-propanol and acetone was investigated with the fibre positioned in an environmental chamber composed of a closed polytetrafluoroethylene (PTFE) box (15 × 15 × 15 cm with a total volume of 3.375 l). The LPG was fixed 5 cm above the base. The chemical of interest (volume of 10 and 50 l or 0.5 and 2 l for experiments conducted with Sensor A and Sensor B, respectively) was injected from the top of the box by a pipette and the transmission spectrum was monitored and recorded. The concentration of the analyte was calculated according to the amount of the solution injected and the volume of the box. Sensor A was exposed to methanol, ethanol and acetone concentrations ranging from 1790 to 27900, 1240 to 24800 and 987 to 19700 ppm, respectively. Sensor B operates more closely to the PMTP and thus higher sensitivity was expected. This hypothesis was tested by exposing Sensor B to lower concentration of acetone and ethanol vapours in a range of 49-543 and 62-666 ppm, respectively. The temperature and relative humidity levels were simultaneously recorded using iButton ® commercial data logger (iButton ® Hygrochron Temperature/Humidity Logger DS1923, Maxim Integrated TM ). The temperature level was stable during the experiments with minor fluctuations up to 0.5 • C. All experiments have been conducted in a temperature and humidity controlled laboratory.
Signal processing
As described in Section 1, three methods for the evaluation of the changes in the LPG transmission spectrum are compared in this paper: via i) changes in the central wavelength difference, ii) changes in the transmission at the central wavelength of the Ushaped attenuation band and iii) changes in the bandwidth of the U-shaped attenuation band.
LODs have been calculated using the following equation
where LOD indicates limit of detection, S d is the average standard deviation obtained over the values measured in stable conditions (at each concentration level) over the 2 min period and m is the slope of the calibration curve (a linear approximation was used for the range up to 10,000 ppm). Fig. 1a shows the transmission spectra of a bare LPG and a LPG coated with 5 layers of ZIF-8 for a grating period of 109.0 m (Sensor A). The "U" shaped band of the LP 019 cladding mode splits into two attenuation bands after the deposition of the film. Fig. 1b shows a grating period of 109.5 m, where no attenuation band corresponding to the LP 019 cladding mode is observed before the coating process and which is developed only after the deposition of ZIF-8 (Sensor B). As discussed in Section 2.2, this is precisely at the PMTP and is likely to result in the highest sensitivity.
Results
Sensor fabrication
Sensor A: volatile organic compounds sensing
Sensor A was calibrated via three repeated measurements and its performance was evaluated via the change in central wavelengths difference method described in Section 2.5. Without the presence of the U-shaped attenuation band, the other 2 signal processing methods described in Section 2.5 cannot be applied (Fig. 1a,  blue line) . The sensitivity to ethanol and acetone was observed to be higher than for methanol, Fig. 2 . At low concentrations and up to 5000 ppm, the sensor shows the highest sensitivity to ethanol, inducing a central wavelength shift of 12.34 ± 1.97 nm at 4963 ppm.
Higher sensitivity to all tested analytes was observed in comparison to the results presented in [39] measured using the central wavelengths difference corresponding to the LPG coated with 5 growth cycles of ZIF-8. For example, the change in the central wavelength difference induced by ∼9000 ppm of methanol vapour was measured to be 8.37 nm in comparison to 2.17 nm obtained in our preliminary work [39] . The higher sensitivity of the current sensors is due to the smaller separation of the attenuation bands in air as the sensor operates closer to the PMTP.
The differences in the sensitivity can be associated with the size of the molecule, where the smaller methanol molecules have lower capture rate in the cavities at lower concentrations. The functional group can also play a role and can explain the bigger response of the sensor to ethanol in comparison to acetone at low levels up to 5000 ppm. The shape of the curve indicates the saturation of the sensor at high concentrations over 20,000 ppm. For simplicity, a linear approximation is assumed in the range up to 10,000 ppm in order to calculate the LOD using Eq. [2] . LODs of 164.4, 421.7 and 162.8 ppm were obtained for acetone, methanol and ethanol respectively using the data presented in Fig. 2. 
Sensor B: volatile organic compounds sensing
The high sensitivity of Sensor A to ethanol and acetone vapours leads to the further investigation of improving the LOD by operating the LPG precisely at the PMTP using a grating period of 109.5 m. As described in Section 2.4, as higher sensitivity was anticipated, lower concentrations of ethanol and acetone (62-666 and 49-543 ppm, respectively) were used. Due to the presence of the U-shaped band (Fig. 2b, blue line) it is now possible to track changes in the spectrum due to a change in the transmission at the central wavelength and also the change in bandwidth of the attenuation band. Due to the absence of the dual attenuation bands, it is not possible to use the central wavelength difference method used in Section 3.2.
The performance of Sensor B has been evaluated via the changes in transmission at the central wavelength. Fig. 3a . Similarly, the response of Sensor B to ethanol vapours in range from 62 to 666 ppm is shown in Fig. 2b . These values were used to calculate the standard the standard deviation of the intensity changes 10 mV and for this reason the adequate change of 0.1% in transmission has been used for the calculation of the LOD. LODs of 25.64 and 21.28 ppm have been calculated for acetone and ethanol respectively for Sensor B based on the change in transmission at the central wavelength of the attenuation band corresponding to LP 019 cladding mode.
As described in Section 2.5, the change in the bandwidth of the U-shaped band represents a novel approach for the evaluation of LPG based sensors. Tracking the width of the attenuation band overcomes any intensity based issues as there is no need to track the absolute intensity at reference wavelength. The evolution of the differences in the width of the attenuation band corresponding to LP 019 cladding mode has been demonstrated in response to ethanol vapours in the range of 62-666 ppm, Fig. 4a . The bandwidth was measured at the wavelengths corresponding to 85% of transmission, as shown in detail for the left section of the attenuation band (in the region of 820 nm) in Fig. 4b . As an example, the bandwidth increased from 54.68 to 66.27 nm in response to 666 ppm of ethanol, Fig. 4 .
The calibration curves ( 
Discussion
The sensitivity of Sensor A and Sensor B using different data evaluation techniques over the range of analytes is compared in Table 2 . The obtained sensitivity for the ethanol vapour measure- The conversion of those limits into the amount of ethanol in gas phase will give the range of 30-130 ppm [2] . The obtained sensitivity for the detection of acetone is sufficient to monitor occupational exposure in the workplace. The Health and Safety Executive in the UK states the exposure limits of 500 and 1500 ppm of acetone as a weighted average over 8 h and 15 min respectively [43] . Electrochemical based sensor represent the competing developing technology in a field of new acetone gas sensors, the LODs vary from 0.4 to 500 ppm, however, they suffer from high operating temperature (200-500 • C) and sometimes were tested only in N 2 atmosphere [44] . The concentration ranges from 1.7 ppm to 3.7 ppm could be detected in breath of people with diagnosed diabetic conditions in comparison to 0.8 ppm measured in breath of healthy people [3] . Furthermore, the LPG based sensors with current design can be used for measurement of acetone in breath for the monitoring of ketogenic diet and associated weight loss (range of 2-40 ppm) or diabetic ketoacidosis (75-1250 ppm) [4] .
The obtained LOD in a range of units of ppm for ethanol and acetone suggests the potential of the sensor for real world applications. Further improvement could be made by using a higher resolution spectrometer in combination with a new approach of data analysis (including the transmission, central wavelength and width change). The sub ppm level will be highly desired in health monitoring applications, e.g. breath analysis. The higher sensitivity could be also achieved using the thicker film and this hypothesis should be tested in future work. Although there is a clear cross sensitivity to different VOCs many of the tests can be designed to reduce this problem. It is expected however that one concentration will be significantly higher than the others for many applications. For example, in breath tests for alcohol consumption, ethanol levels will be two orders of magnitude higher in breath (when they reach the levels that break the law) in comparison to the other VOCs present in the breath. Similarly, patients suffering from ketoacidosis are expected to have much higher concentration of acetone in their breath in comparison to other VOCs. The implementation of the sensor into an array will enable in-situ measurement, e.g. for the occupational exposure, or any industrial monitoring, where a reference grating is necessary to subtract any temperature effect [45] . The cross-sensitivity to water vapour in highly humid environment should also be included to test the possibility of using this sensor in breath analysis [46] .
Conclusions
ZIF-8 films with controllable thickness have been deposited successfully onto the surface of an optical fibre LPG and the response of the transmission spectra has been characterized for different volatile organic compounds (ethanol, acetone and methanol). The importance of precisely setting the grating period so that the long period grating sensor operates exactly at the phase matching turning point has also been demonstrated. Furthermore three different signal processing methods for monitoring the change of the transmission spectra have been evaluated. The highest sensitivity has been obtained when the LPG operates precisely at the phase matching turning point and the bandwidth of the U-shaped attenuation band is measured. For example for ethanol this optimisation process results in the calculated limit of detection reducing from 163 ppm to 5.6 ppm. 
